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ABSTRACTThe growing impacts of climate change such as unpredictable weather patterns, prolonged droughts, and extreme heatwaves pose serious threats to global agriculture by reducing crop productivity and endangering farmers’ livelihoods. In regions like India, where drought stress is frequent, there is an urgent need for climate-resilient agricultural practices. One promising solution is the use of Superabsorbent Polymers (SAPs) in seed coatings. These hydrophilic materials can absorb and retain large amounts of water, creating a moisture-rich micro-environment that supports seed germination and early seedling development under water-limited conditions. SAPs function through osmotic pressure and are available in fossil-based and bio-based, degradable and non-degradable forms. With growing concerns about environmental sustainability, bio-based and biodegradable SAPs are gaining popularity. Various SAP formulations such as cross-linked polyacrylamide and starch-graft polymers have shown positive effects on crops like maize, cotton, red clover, and others, enhancing water-use efficiency, nutrient uptake, and drought tolerance. Despite their benefits, challenges remain, including high costs, limited biodegradability of synthetic SAPs, and reduced performance in extreme soil and climate conditions. Ongoing research should focus on developing cost-effective, biodegradable alternatives and evaluating their long-term field performance to support sustainable agricultural systems.
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1. INTRODUCTION

Climate change has led to unpredictable shifts in weather patterns, resulting in more frequent and severe droughts, floods, and heatwaves. These extreme weather events are severely impacting crop yields, threatening farmers' livelihoods and the availability of food. In recent years, India has faced significant drought stress, underscoring the need for developing climate-resilient strategies to mitigate crop losses. To combat water stress in arid and semi-arid regions, several seed treatment techniques can be employed, such as seed priming, hardening, and coating seeds with water-absorbing materials. One promising method is the use of Superabsorbent Polymers (SAP), which provide a moisture-rich environment for seeds during stress conditions. Besides its water retention capabilities, SAP aids in seed germination, seedling growth, and promotes sustainable agriculture. Recently, bio-based SAP has gained significant attention in agriculture due to its effectiveness and eco-friendly properties.	Comment by Nisa Kwon: How is SAPs is different from hydrogels? I suggest to include a brief comparison between SAPs and hydrogel in a tabulated form.	Comment by Nisa Kwon: SAP or SAPs? In the abstract, SAPs is used, and in the content, SAP is used. Does it represent the same thing or a different thing? If it is the same, please use either one consistently throughout the manuscript.

Superabsorbent Polymer (SAP) 

Superabsorbent Polymers (SAP) are a group of hydrophilic materials capable of absorbing and retaining a significant amount of water in their structure (Zohuriaan-Mehr et al., 2008). These polymers are composed consist of a three-dimensional network of flexible polymer chains forming a three-dimensional network with loosely arranged cross-links, and they containbearing dissociated ionic functional groups (Ahmed, 2015). The ability of hydrogels to absorb water is due to the hydrophilic groups attached to the polymeric backbone, while the gel's dissolution is prevented by the addition of a cross-linker. 	Comment by Nisa Kwon: Is there any recent publication that discuss this ? If there is, please use the recent references.
The genesis of superabsorbent polymers (SAPs) in agriculture can be traced back to the United States Department of Agriculture (USDA), which developed the first SAP in 1980. This innovation, marketed under the trademark of “Super Slurper”, marked a pivotal moment in the application of applying polymer technology to address agricultural challenges, which further inspires further research into SAPs application in farming. The creation of Super Slurper paved the way for subsequent research and development efforts aimed at refining SAPs for diverse agricultural applications. The development of Super Slurper set the stage for follow-up research and development aimed at furthering SAPs to suit various applications in agriculture.
although SAPs gained widespread attention in the 1980s, Ttheir evolution of SAPs began earlier with the development of fiber-based water-absorbing materials in the 1960s.  By 2015, gGlobal SAP production had grownrisen substantially by 2015 (Chen et al., 2021), highlighting their expending usage not only in agriculture by also in a testament to their increasing significance in numerous sectors. This rise in production highlighted the increasing appreciation of SAPs as multifunctional materials applied in fields wider than agriculture, such as hygiene products, medical equipments, and industrial purposesapplications.
The continued advancement of SAPs has led to the development  Additional improvements in SAP technology resulted in the creation of polycondensate-type SAPs in 2017 and cross-linked acrylic homopolymers in 2018. These developments improved theirinnovations enhanced SAPs’ water retention and absorption propertiescapacity, making them more effective and efficient for use in agricultural usee. The ongoing improvement of SAPs reflects the continued efforts to enhance their performance and broaden their potential uses in solving global issues involvingadvance water management and promote agricultural sustainability.	Comment by Nisa Kwon: The author has already mentioned the full name for SAPs, therefore the author should used the abbreviation consistently.

If the author want to use the fullname, remove the abbreviation.	Comment by Nisa Kwon: Redundancy. These two sentences basically state the same thing.	Comment by Nisa Kwon: Check paragraph formating. Make sure the author did not copy and direct past from the source as this will happen.	Comment by Nisa Kwon: The chronology is confusing because in the previous paragraph, the authors mentioned that the Saps was developed starting in 1980, but then in this paragraph, it jumps back to the 1960s. This cause confusion to the reader? Why the time line jumped backwards?

Structure and mechanism of Superabsorbent polymerSAPs

TheSAPs’ structure consists of hydrophilic polymer chains with containing functional groups with that have a strong attraction affinity forto water. These chains are linked together byinterconnected via cross-linking units, and both the type and quantity concentration of cross-linkers used insignificantly influence the gel’s influence its overall absorption and swelling capcityability. The polymer network typically contains negatively charged functional groups, primarily from carboxyl  carboxylate ions (–COO-), which repel oneeach another and induce expansion of the polymer chains. The , causing the chains to expand. Ppositively charged ions, like such as sodium (Na+) or potassium (K+), help maintain electrostatic balance the negative chargewithin the network.








The absorption mechanism of Superabsorbent Polymers (SAPs) is driven by osmotic pressure, and their distinctive properties arise from are largely due to their high hydrophilicity and , which arises from the presence of hydrophilic groups and a well-cross-linked structure (Zohuriaan et al., 2009).	Comment by Nisa Kwon: Is there any recent publication that discuss this?

In SAPs, tThe polymer backbone is naturally hydrophilic because of the due to the presence of water-attracting carboxylic acid groups (-COOH). When these polymers come into contact with water, a range of various interactions, such as hydration and hydrogen bonding, occur between water molecules and polymer chains?. Hydration results from the attraction of happens as polar water molecules are drawn to the ionized groups, including  on the polymer, such as -COO⁻ and their associated cations, Na⁺ or K⁺ ions, while hydrogen bonding increases the water retention. These interactions, combined with hydrogen bonding between the polymer and water molecules, increase the system's entropy, making the polymer dissolve in water. Therefore to prevent complete dissolution of the polymer in watersolubility, cross-linking is introduced to restrict polymer chain mobility? To prevent deformation? To increase SAPs’ durability?.	Comment by Nisa Kwon: In complete sentence. Occur between what?	Comment by Nisa Kwon: Lack of clarity. Crosslinker is introduce for what?

Most synthetic SAPs are polyelectrolyte gels, containing ionic groups that dissociate in water. This dissociation leads to an overall charge density along the polymer chains and an increase in the concentration of mobile ions within the gel. These mobile ions contribute to the osmotic pressure within the gel, which along with electrostatic repulsion between polymer chains, this allows SAPS to absorb substantial amount of water. The high waterhigh-water absorbency of SAPs is results primarily due tofrom the osmotic pressure difference between the swollen gel and the surrounding solution, as well as the repulsive forces between polymer chains caused by the ionic groups.	Comment by Nisa Kwon: Any references for this?

The water absorbency absorption capacity of SAPs can be modified by changing the ratio of ionic to non-ionic components within the polymer network. For example, adding incorporating non-ionic acrylamide to poly (sodium acrylate) can alter the water absorbency characteristicsabsorption properties of the polymer (Zhu, 2015).	Comment by Nisa Kwon: Any recent reference?
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                                      Fig 1: Structure of Superabsorbent Polymer

Table 1. Applications of Superabsorbent polymer

	Applications
	Description
	References	Comment by Nisa Kwon: As this is a review, it would be much better if recent publication are use to show the importance and relevance of this review.

	Agriculture
	Enhances water retention in the soil, slows down irrigation frequency, promotes plant growth 
	Chirino et al., 2011 

	Horticulture
	Increases germination and seedling establishment through preservation of root zone moisture
	Dorraji et al., 2010

	Diapers and Hygiene Products
	Used in baby diapers, adult incontinence products, and sanitary napkins for absorbing fluids 
	Buchholz & Graham, 1998 

	Medical Applications 
	Used in wound dressings and surgical pads to absorb exudate and promote healing      
	Ahmed, 2015          

	Construction
	Poured into concrete to hold water for curing, minimize cracking and shrinkage
	Jensen & Hansen, 2001

	Waste Management
	Absorbs toxic liquids in industrial waste for safe disposal 
	Ekebafe et al., 2011

	Cleanup of Oil Spill
	Oil or organic solvents can be absorbed by modified SAPs for environmental cleanup
	Kabiri et al., 2003 




Classification of SAP

Fossil-Based and Bio-Based SAPs: Environmental Aspects

Superabsorbent polymers (SAPs) are differentiated classifieddepending on their origin and biodegradability, with the main differenceprimary distinction being lying between fossil-based and bio-based SAPs. This differentiation classification is important to determine the environmental sustainability and overall impact of such materials to ecological systems?. Fossil-based SAPs are obtained synthesized from non-renewable sources, including such as petroleum, whereas bio-based SAPs are obtained derived from renewable sources, including plants and microorganisms. The selection between fossil-based and bio-based SAPs is application-specific dependent and is determined by the desiredguided by the consideration of  environmental impact (Chen et al., 2022).	Comment by Nisa Kwon: Classification and differentiation means different things.	Comment by Nisa Kwon: In complete sentence. Impact to what?	Comment by Nisa Kwon: Not the suitable term to use. As it is made, therefore it is not obtained.	Comment by Nisa Kwon: The word application-specific will make the reader think that each type of SAPs has a specific application where it is applied. 

A more suitable word to use in this sentence is application-dependent.

Fossil-based SAPs are traditionally typically produced from monomers such as methacrylic acid, acrylamide, and acrylic acid. These polymers are usually non-biodegradable, i.e.,and do not naturally decompose in the environment which leads to . Consequently, they can last fortheir long-term periods of timepersistence in the soil and water. The accumulation of these material can , causingcause environmental contamination and possibly harming ecosystems. The environmental accumulation of fossil-based SAPs also gives rise to issues over their long-term impact  and have adverse effects on soil fertility, water quality, and diversity. Moreover, The formation of microplastic is another issue being reported over the degradation of fossil-based SAPs has been linked to microplastic formation, and raised additional concerns regarding their because they break down into microplastic particles that infiltrateion into the food web and also potential impacts on human health. 	Comment by Nisa Kwon: Is the a modern way to produced SAPs mentioned?	Comment by Nisa Kwon: Diversity of what?	Comment by Nisa Kwon: The repetitive of the word microplastic cause the sentence to be not clear


Conversely,In contrast, natural polymerbio-based SAPs are also gaininghave gained more popularity owing due to their biocompatibility, non-toxicity, and biodegradability (Dispat et al., 2020). These bio-based SAPs are produced synthesized from renewable material sources like such as starch, cellulose, chitosan, and alginate, which. The SAPs provide a more environmentally friendly option compared to conventionalalternative to petroleum-based polymers, ensuring eco-friendly farming practices. Bio-based SAPs are formulated designed to biodegrade naturally with the passage ofover time, ensuring lowerthereby reducing  environmental impact and less possibility of pollution. The biodegradation byproducts of their biodegradation bio-based SAPs are generally harmless and can be reintegrated back into the environment without damage. The application of bio-based SAPs is consistent with the increasing interest in minimizing the environmental impact of farming and ensuring a circular economy.	Comment by Nisa Kwon: Pick a term, and use it consistently across the manuscript. Bio-based SPAs or natural polymer-based SAPs?

Degradable vs. Non-Degradable SAPs: Effect on Soil and Water

Degradability of SAPs is another key parameter in determining assessing their environmental burden and sustainability. Biodegradable SAPs undergo natural breakdown decomposition with the passageover of time, minimizing reducing their environmental footprint. Meanwhile, whereas non-degradable SAPs have a tendency to remain in the environment, necessitating additional calling for extra waste management measuresstrategies. Degradability of a SAP depends upon its chemical naturecomposition, molecular weight, and availability the presence of degradable linkages within the polymer backbone.

Non-degradable SAPs, typically derived from fossil-based polymers, can accumulate in the soil and water, leading to long-term environmental pollution. The persistence of these polymers can disrupt soil structure, reduce water infiltration, and inhibit plant growth. AdditionallyFurthermore, non-degradable SAPs can break down into microplastics, which can contaminate water sources and pose risks to aquatic life and human health. The disposal of non-degradable SAPs often requires energy-intensive methods such as is costly and energy-consuming, involving processes like incineration or landfilling, which add to environmental contamination.

Degradable SAPs present a greener alternative. Degradable SAPsThese materials are formulated to degrade into smaller molecules via processes like hydrolysis, oxidation, and biodegradation. The products of degradation are normally non-toxic and can be reused by the environment without any adverse effects. For example, Tthe biodegradability of graft-starch-polyacrylate SAPs modified, for instance, maycan be examined byevaluated using α-amylase, an enzyme that hydrolyses starch via hydrolysis process (Dispat et al., 2020). The procedure method involves consists of subjecting the SAP to α-amylase, a starch-cleaving enzyme, and monitoring the release of hydrolysis products with over time. The quantity of released hydrolysis products is an indicator of the degree of degradation, yielding significant information on SAP degradation rate and mechanism. Through the production and application of degradable SAPs, one can reduce the environmental footprint of these products and enhance more environmentally friendly farming practices.

Types of SAPs used in seed coating

Common SAPs employed in seed coating include cross-linked potassium polyacrylate (PAL), cross-linked polyacrylamide-based polymer (PAM), PAM with graphite (PAM+G) (Amirkhani et al., 2023), and starch-graft-2-Propenoic acid (potassium salt) (STR) (Dispat et al., 2020). These materials are selected based on for their specific functional properties, especially their ability to enhance water retention, seed germination, and seed establishment. Additionally, the SAPs and performance characteristics in enhancing seed germination and seedling establishment. These SAPs improve water retention and enhance seed germination and seedling establishment. Different formulations can vary in terms of exhibit varying degrees of water absorbency and flowability. The choice selection of an appropriate SAP depends on multiple factors, including such as cost, availability, the desired level of water retention, and environmental considerations (Amirkhani et al., 2023). The selection of the appropriate SAP type is crucial for optimizing the performance of seed coatings. Additionally, Factors such as the specific crop types, soil conditions, and climate should be considered when choosing the most suitable SAP formulationto ensure optimal performance?. By carefully tTailoring the SAP type to the specific application, not only  it is possible to maximize the benefits of seed coating but also contribute to and promote sustainable agricultural practices.	Comment by Nisa Kwon: Lack clarity. Why must it be considered?

Techniques for Uniform SAP Application

The effectiveness of Superabsorbent Polymers (SAPs) in seed coating largely depends on the uniformity of their application. Consistent and Ensuring that each seed receives an equal and adequate amount of SAP coating is crucial for maximizing the benefits of enhanced water retention and improved germination. Various coating techniques are employed to achieve thisensure uniform coverage and adherence, each with its advantages and limitations, varying from. These techniques range from simple manual methods to sophisticated industrial processes, depending on the scale of application and the desired level of precision.

One common method involves direct application of SAPs powder applying the SAP as a powder directly to the seeds, followed by the addition of a binding agent to ensure adherence. The seeds are then mixed thoroughly mixed to distribute the SAP evenly across their surfaceachieve relatively even coating. This method is relatively simple and cost-effective, making it suitable for small-scale applications. However, it may not provide the most uniform coverage, and the amount of SAP applied can be difficult to control precisely.

Alternatively, SAPs can be applied in the form of a solution or slurry by Another approach involves dissolving the SAP in water or another suitable solvent to create a solution or slurry. Where t The seeds are then immersed in this solution or sprayed with it, allowing the SAP to coat their surface. This method can provide more uniform coverage than powder application, as the liquid SAP can penetrate into the crevices and irregularities of the seed surface. The concentration of the SAP solution and the duration of immersion or sprayingexposure can be adjusted to control the amount of SAP appliedSAPs deposition. After coating, the seeds are typically dried to remove excess moisture and create a solid, adherentsolidify the coating.

Amirkhani et al. (2023) developed a seed coating method that resulted in the uniform application of SAP from seed to seed. This method involves using a rotating drum or fluidized bed coater to apply the SAP to the seeds in a controlled manner. The seeds are placed in the coater, and the SAP is sprayed onto them as they are being mixed. The rotating drum or fluidized bed ensures that the seeds are constantly moving, allowing the SAP to coat their surface evenly. This method can provide highly uniform coverage and precise control over the amount of SAP applied.




Seed Coating vs. Planting Groove Application

The application of SAPs in agriculture is not limited to seed coating,; they can also be applied directly to the planting grooves or soil. Each method offers distinct advantages depending on the crop, soil conditions, and water management practices. Barros et al. (2017) evaluated the effects of SAP applied as a seed coat or appliedand within in planting grooves on the initial development of sorghum seedlings under water deficit conditions. Their findings indicated that both methods increased the growth of aerial parts for sorghum seedlings, suggesting that SAPs can be effective regardless of the application method.	Comment by Nisa Kwon: Any recent reference?

Seed coating involves applying a thin layer of SAP directly to the seed surface, creating forming a localized water reservoir around the seed. This method is particularly beneficial in promoting germination and early seedling establishment, as the SAP provides a readily available source of moisture during the critical stages of development. Additionally, Sseed coating is also a cost-effective way to deliver SAPs, as it requires a relatively small amount of material per seed.

Conversely, Pplanting groove application, on the other hand,  involves placing depositing the SAP directly into the furrow or groove where the seeds are planted. This method can provide a larger volume of water to the developing seedlings, which may be advantageous in extremely dry conditions or for crops with high water requirements. Planting groove application can also improve soil structure and water infiltration in the immediate vicinity of the roots. However, the higher SAP volume required per unit area increases application costs compared to seed coatingthis method requires a larger amount of SAP per unit area compared to seed coating, which may increase the cost.

Adireddy et al. (2024) explored different application methods of indigenous hydrogels, including seed treatment, slurry application, and soil application, on crop yield and water productivity in a soybean-wheat cropping system. They found that seed treatment and slurry application of superabsorbent polymer hydrogel improved system productivity and water productivity, highlighting the effectiveness of these methods in enhancing crop performance.

Emerging Application Methods: Slurry and Soil Application

In addition to seed coating and planting groove application, emerging methods such as slurry and soil application are gaining attention for their potential to enhance the effectiveness of SAPs in agriculture. Slurry application involves mixing the SAP with water to create a slurry that is then applied to the seeds or soil. This method can provide a more uniform distribution of SAP compared to dry application, as the slurry can penetrate into the soil pores and coat the seed surface more effectively (Guilherme et al., 2015).	Comment by Nisa Kwon: Any recent reference

Slurry application can be particularly beneficial advantageous forin improving soil moisture retention and reducing water loss through evaporation. Upon absorbing water, the SAPThe SAP in the slurry absorbs water and forms a gel-like substance that helps to bind the soil particles together, increasing its water-holding capacity. This can reduce the need for frequent irrigation and improve crop yields, especially in water-limited environments. Additionally, Sslurry application can also be used to deliver other beneficial substances to the soil, such as fertilizers and micronutrients, further enhancing crop growth.

Meanwhile Ssoil application involves incorporating the SAP directly into the soil around surrounding the seeds or plants. This method can improve soil structure, water infiltration, and nutrient availability, creating a more favorablefavourable environment for root growth. Soil application can be particularly beneficial in sandy soils, which have low water-holding capacity and are prone to nutrient leaching. The SAP in the soil absorbs water and nutrients, preventing them from being lost through drainage and making them available to the plants as needed.

Adireddy et al. (2024) found that seed treatment and slurry application of superabsorbent polymer hydrogel improved system productivity and water productivity in a soybean-wheat cropping system. This suggests that these emerging application methods can be effective in enhancing crop performance and promoting sustainable agriculture. Further research is needed to optimize these methods and determine their suitability for different crops, soil types, and climate conditions.


Effects of SAP Seed Coatings on Major Crops

Maize: Enhanced Growth and Emergence Parameters

Maize, a global staple crop, has been the center of various studies that investigate the impact of SAP seed coatings. These studies have over and over again proved thatconsistently demonstrate the potential of SAPs hold potential for increasingto enhance maize yields, especially under water-stressed conditions. Ondreikov et al. (2023) reported that SAP-coated maize seeds had better growth and emergence traits than untreated controls. The SAP coating ensured that there was sufficient moisture surrounding the seeds, resulting in quicker and more even germination.

SAP-coated maize seeds were noted by the researchers to have increased germination, faster emergence time, and higher seedling vigor when compared to the control. These improvements were attributed to the SAPs’ ability to retain and gradually release water, thereby supporting seedling development even under arid or suboptimal irrigation conditionsThe enhanced emergence and growth parameters were described as being due to the capacity of the SAP coating to furnish a source of available water to the germinated seeds even in arid conditions. This is especially significant in areas where rains are poor or irrigation is poor.

Tao et al. (2018) synthesized SAPs based on carbohydrates and evaluated their impact on germination potential and seedling growth of maize. They reported that a suitable level of SAPs could enhance root length, shoot length, germination rate, and total biomass. The SAPs based on carbohydrates were effective in holding water and releasing it slowly to growing seedlings, making a consistent supply of moisture available. The enhanced shoot length and root length noted in the SAP-treated maize plants indicate that the SAPs also increased nutrient absorption and plant growth.	Comment by Nisa Kwon: Any recent reference?

Cotton: Increased Seedling Emergence Under Water Stress

Cotton, a fiber crop of significant commercial importance, is usually grown cultivated underin dryland conditions and is drought-stress sensitive. Cotton seedling establishment is important for realizing high yields, but it is difficult in water-deficit conditions. Panayiota Papastylianou and Angeliki Kousta (2020) examined investigated the impact effects of Zeba, a corn starch-based polymer, on cotton seedling emergence of cotton when subjected tounder water stress. The findings indicated that Zeba stimulated seedling emergence and enhanced root and shoot characteristics, and thus SAPs may prove to be an effective solution for water conservation in cotton.

Zeba-treated seeds under the same stress conditions demonstrated a significantly faster rate of emergence and a shorter time to emergence than untreated seeds.  By keeping the area around the seeds sufficiently moist, the SAP treatment encouraged germination and the early growth of seedlings.  Increased water and nutrient uptake may have been facilitated by the SAP, as evidenced by the improvements in root and shoot parameters.The scientists discovered that cotton seeds treated with Zeba exhibited a much higher rate of emergence and reduced emergence time when compared to untreated seeds under water stress. The Zeba treatment ensured there was sufficient moisture present around the seeds, allowing for germination and seedling development. Enhanced root and shoot characteristics in the Zeba-treated cotton plants indicate that the SAP also increased water and nutrient absorption.

It is found that SAPs might prove to be a useful means of enhancing cotton yield in dryland fields. By offering an easily accessible supply of water to the sprouting seeds, SAPs can eliminate the problems of water stress and facilitate successful seedling establishment. This can result in increased yield and better returns for the cotton growers.

Other Crops: Red Clover, Caragana, Milk Thistle, and More

SAP seed coatings have also been tested on a number of other crops such as red clover, Caragana korshinskii, milk thistle, barley and fenugreek, and peppermint. These investigations have mostly reported beneficial impacts of SAPs on germination, plant growth, and drought resistance, reflecting the widespread utility of this technology. Amirkhani et al. (2023) discovered that SAP-coated red clover seeds exhibited higher germination in the laboratory and better stand establishment under field conditions. , largely due to the ability of the SAP coating to maintain suitable moisture levels around the seeds. This moisture availability promoted more rapid and uniform germination, even under variable environmental conditions.SAP coating ensured suitable moisture levels around the seeds, resulting in more rapid and even germination.

Su et al. (2017) examined the impact of SAPs on the survival and growth of Caragana korshinskii, a drought-tolerant shrub employed in soil conservation and afforestation. It was established that SAP application greatly enhanced seedling growth and survival of Caragana under drought stress conditions. As the SAPs ensured that water was conserved in the soil and was available as an easily accessible source of moisture for seedlings developing.	Comment by Nisa Kwon: Any recent reference?

Moghadam et al. (2019) analyzed the influence of SAPs on germination and growth of milk thistle, a medicinal crop with a variety of potential health benefits. They observed that SAP treatment enhanced the germination rate, seedling vigor, and biomass of milk thistle. SAPs ensured proper moisture levels around the seeds and seedlings, facilitating faster and better growth.

Ali et al. (2023) examined the impact of SAPs on barley and fenugreek seedling emergence in sandy soil. They established that SAP treatment boosted the GI for both plants. They also noted that WGE values were greater in instances where SAP had been applied, suggesting that SAPs can significantly contribute to the conservation of moisture for seed germination in sandy soil.

Sepehri et al. (2023) studied the effects of SAPs on the growth and yield of peppermint, an aromatic herb used for flavoringflavouring and medicinal purposes. They found that SAP application increased the plant height, leaf area, and essential oil content of peppermint due to . Tthe SAPs ability helped to retain water in the soil, providing a consistent moisture supply for the developing plants.

These case studies illustrate the general applicability of SAP seed coatings for enhancing crop yields across a range of environments. Through the provision of an easily accessible source of water to germinating seeds and young seedlings, SAPs may facilitate the surmounting of water stress issues and the resultant successful establishment of crops. This can result in increased yields, enhanced economic profitability, and increased sustainability of farming practices.

Benefits of Superabsorbent Polymer Seed Coating	Comment by Nisa Kwon: In my opinion, this section can be tabulated as a summary of the benefits of SAPs. This is because most of the content has been describe in previous sections/ paragraph. 

If the authors choose to keep this section as it is, it will be redundant and repetitive.

The benefits of SAPs seed coating can be summarised in Table 1 as follows: 

	SAPs Benefits
	Details
	References

	Improved Germination & Seedling Establishment
	- Enhances seed germination rate and seedling vigor, especially under water stress.
- Increases emergence percentage and reduces mean emergence time.
- Promotes better early growth, coleoptile, and root development.
	Dolatkordestani et al. (2023); 
Amirkhani et al. (2023);
Ondreikov et al. (2023); Papastylianou & Kousta (2020)

	Improved Water Use Efficiency
	- Retains and gradually releases water to seeds and seedlings.
- Enhances moisture conservation, especially in sandy soils.
- Improves system water productivity and reduces water loss via evaporation or seepage.
	Patra et al. (2022); 
Ali et al. (2023); 
Adireddy et al. (2024)

	Mitigation of Drought Stress
	- Acts as a water buffer during drought periods.
- Improves plant growth, chlorophyll content, and yield under water deficit.
- Reduces oxidative stress by lowering antioxidant enzyme activity and proline content.
	Guan et al. (2014);
Dolatkordestani et al. (2023);
Naderi et al. (2023)

	Enhanced Nutrient Uptake
	- Encapsulates fertilizers for controlled release.
- Enhances nutrient use efficiency and reduces leaching.
- Increases grain and stover yield when used with humic acid and fertilizers.
- Improves macronutrient absorption in plants.
	Rajamani et al. (2021)




Improved Germination and Establishment of Seedlings

One of the main advantages of SAP seed coating is improved seed germination and establishment of seedlings, particularly under water stress (Dolatkordestani et al., 2023).
SAPs can enhance the germination rate and seedling health of crops through a convenient source of water. For example, Amirkhani et al. (2023) reported that SAP-coated red clover seeds had enhanced germination in the laboratory and enhanced stand establishment in field experiments. Likewise, Ondreikov et al., 2023 noted that SAP-coated maize seeds had enhanced growth parameters of coleoptiles and root systems at the early development stage. The application of SAPs in seed coatings can further cause increased seedling emergence rate, as shown by Panayiota Papastylianou and Angeliki Kousta (2020) in cotton.
They established that the application of a corn starch-based polymer (Zeba) stimulated seedling emergence by enhancing the emergence percentage and decreasing the mean emergence time under water stress. These results indicate that SAP seed coatings have the potential to be a useful aid to enhancing crop establishment in areas with water deficit risks.

Improved Water Use Efficiency

SAPs possess the capability of retaining high volumes of water, which may then be supplied to the plant at its need (Patra et al., 2022). Due to this quality, they find especial value in enhancing the water use efficiency in agricultural processes. Seed coating with SAPs supplies water directly to the germinating seed, henceforth eliminating dehydration hazards and increasing establishment probabilities.
Ali et al. (2023) examined the influence of SAPs on seedling emergence of barley and fenugreek in sandy soil and discovered that SAP treatment increased the seedling germination index (GI) for both plants.
They also noted that water germination efficiencies (WGE) were greater with SAP treatment, showing that SAPs can actually facilitate moisture conservation for seed germination in sandy soils. Likewise, Adireddy et al. (2024) found that seed treatment with superabsorbent polymer hydrogel enhanced system water productivity in a soybean-wheat crop rotation.

Prevention of Drought Stress

Drought is a critical yield-limiting factor for crop growth, and SAP seed coatings may prevent the adverse effects of drought stress on crops (Guan et al., 2014). By serving as a buffer for water deficiency SAPs may enhance plant growth and survival during drought stress.
Mojtaba Dolatkordestani et al. (2023) reported that superabsorbent polymers incorporated in the growing medium increased milkweed growth indices and chlorophyll content under water deficit. They also noted that SAP application decreased the activity of antioxidant enzymes and proline, suggesting that SAPs can mitigate drought stress in plants. Naderi et al. (2023) determined the impact of salicylic acid (SA) foliar spray and superabsorbent polymer hydrogel (SPH) soil application on camelina under various field capacity levels. They reported that SA and SPH application considerably improved camelina yield and its constituents in water stress treatments, indicating that SAPs have the potential to enable plants to survive drought stress.	Comment by Nisa Kwon: Check paragraph formating. Make sure the author did not copy and direct past from the source as this will happen.

Improved Nutrient Uptake

Apart from enhancing water availability, SAPs can also increase the uptake of nutrients by plants. SAPs may encapsulate fertilizers and other useful substances, which are subsequently released to the plant whenever it is needed. This regulated release of nutrients can enhance nutrient use efficiency and minimize the potential for nutrient leaching. Moreover, conjoint use of hydrogel and humic acid with suggested fertilizers substantially enhanced pooled grain and stover yield of maize. Hydrogel was found to enhance macronutrient uptake by stover, which further accumulated total uptake, showing that SAPs can enhance plant nutrient uptake (Rajamani et al., 2021)

Enhanced Germination and Seedling Establishment

One of the primary benefits of SAP seed coating is the enhancement of seed germination and seedling establishment, especially under drought stress (Dolatkordestani et al., 2023). By providing a readily available source of water, SAPs can improve the germination rate and seedling vigor of various crops. For instance, Amirkhani et al. (2023) found that red clover seeds coated with SAPs showed increased germination in laboratory settings and improved stand establishment in field trials. Similarly, Ondreikov et al., 2023 observed that maize seeds coated with SAP exhibited better growth parameters of coleoptiles and root systems during the early development stage. Once the seed absorbs sufficient water to begin germination, the coating breaks down, releasing the SAP-containing fragments into the soil. These fragments can continue to retain water, minimizing moisture loss through evaporation and seepage. This helps enhance water use efficiency and indirectly supports plant growth (Chirino et al., 2011).
The use of SAPs in seed coatings can also lead to a higher seedling emergence rate, as demonstrated by Panayiota Papastylianou and Angeliki Kousta (2020) in cotton. They found that applying a corn starch-based polymer (Zeba) promoted seedling emergence by increasing the emergence percentage and reducing the mean emergence time under water stress conditions. These findings suggest that SAP seed coatings can be a valuable tool for improving crop establishment in regions prone to water deficits. 

Improved Water Use Efficiency

SAPs are known for their ability to absorb and retain large amounts of water, which can then be released to the plant as needed (Patra et al., 2022). This property makes them particularly useful in improving water use efficiency in agriculture. By coating seeds with SAPs, water is made directly available to the germinating seed, reducing the risk of dehydration and improving the chances of successful establishment.
 Ali et al. (2023) investigated the effect of SAPs on the seedling emergence of barley and fenugreek in sandy soil and found that SAP application enhanced the seedling germination index (GI) for both crops. They also observed that water germination efficiencies (WGE) were higher with SAP application, indicating that SAPs can indeed improve moisture conservation for seed germination in sandy soils. Similarly, Adireddy et al. (2024) reported that seed treatment with superabsorbent polymer hydrogel improved system water productivity in a soybean-wheat cropping system.

Mitigation of Drought Stress

Drought is a major limiting factor for crop production, and SAP seed coatings can help mitigate the negative impacts of drought stress on plants (Guan et al., 2014). By providing a buffer against water scarcity, SAPs can improve plant survival and growth under drought conditions. Mojtaba Dolatkordestani et al. (2023) found that the use of superabsorbent polymers in the growth media enhanced growth indices and chlorophyll content of milkweed under water deficit conditions. They also observed that the application of SAPs reduced the activity of antioxidant enzymes and proline, indicating that SAPs can alleviate drought stress in plants.
Naderi et al. (2023) assessed the effects of salicylic acid (SA) foliar application and soil application of superabsorbent polymer hydrogel (SPH) on camelina under different field capacity conditions. They found that application of SA and SPH significantly increased camelina yield and its components in water-stressed treatments, suggesting that SAPs can help plants cope with drought conditions.

Enhanced Nutrient Uptake

In addition to improving water availability, SAPs can also enhance nutrient uptake by plants. SAPs can be used to encapsulate fertilizers and other beneficial substances, which are then released to the plant as needed. This controlled release of nutrients can improve nutrient use efficiency and reduce the risk of nutrient leaching. Also the conjoint application of hydrogel and humic acid along with recommended fertilizers significantly increased the pooled grain and stover yield of maize. They also observed that hydrogel improved macronutrient uptake by stover, further building up total uptake, indicating that SAPs can improve nutrient uptake by plants (Rajamani et al., 2021)

Limitations of SAPs	Comment by Nisa Kwon: Same goes for this section. This section can be tabulated as a summary of the limitations of SAPs

The limitations of SAPs application is summarised in Table 2 as follows:
	Limitation
	Details
	References

	Environmental Concerns
	- Many SAPs are petroleum-based and non-biodegradable.
- Contribute to microplastic accumulation, soil and water contamination.
- Long-term use can harm soil structure, reduce infiltration, and inhibit plant growth.
- Need for biodegradable alternatives to prevent ecological damage.
	Dingley et al. (2024)

	Cost and Availability
	- High production costs limit accessibility for small-scale farmers in developing countries.
- Limited availability of specialized SAP formulations.
- Cost and supply constraints reduce adoption despite agronomic benefits.
- Research is needed to improve affordability and local access.
	Dingley et al. (2024)

	Performance
	- High temperatures accelerate SAP degradation; cold conditions delay water absorption and release.
- SAP effectiveness decreases in highly acidic, alkaline, or saline soils.
- Soil pH and salinity sensitivity restricts use in diverse environments.
- May be unsuitable for extreme climate or soil conditions without formulation adaptation.
	Liao et al. (2016)




Environmental concerns

SAPs based on petroleum polymers generally cannot biodegrade and their waste products pollute the environment, requiring additional treatments. This raises concerns about microplastic generation. The persistence of these polymers in the environment can lead to soil and water contamination, posing risks to human health and ecological integrity (Dingley et al., 2024)
The use of non-biodegradable polymers can negatively affect soil health, causing environmental impacts and leading to long-term ecological damage. The accumulation of non-biodegradable polymers in the soil can disrupt soil structure, reduce water infiltration, and inhibit plant growth. There is a need for sustainable, biodegradable alternatives to mitigate these environmental concerns. The development and adoption of biodegradable SAPs are essential for ensuring the long-term sustainability of agricultural practices.



Cost and availability

The cost of SAPs can be a limiting factor for widespread adoption, especially in developing countries. This makes it crucial to find cost-effective solutions. The high cost of SAPs can be a barrier to their adoption by small-scale farmers in developing countries, who may not have the resources to invest in this technology. Availability of specific SAP formulations may also be a constraint. Some types are more readily accessible than others. The limited availability of certain SAP formulations can restrict the choices available to farmers and may prevent them from using the most effective SAP for their specific needs. Further research is needed to optimize SAP production and distribution, ensuring affordability and accessibility for farmers. Efforts to reduce the cost of SAPs and improve their availability are essential for promoting their widespread adoption and maximizing their benefits for agriculture (Dingley et al., 2024)

Performance limitations

Extreme temperature can affect SAP performance. High temperatures lead to faster degradation. Cold temperatures slow down absorption and release of water. The sensitivity of SAPs to temperature can limit their effectiveness in certain climates or during certain times of the year. Extremely acidic or alkaline soils can affect the performance and stability of SAPs. Some are sensitive to pH levels. The pH sensitivity of SAPs can limit their use in soils with extreme pH levels, which can be a problem in some agricultural regions. High soil salinity can impact the performance of SAPs, as excessive salts can affect the polymers ability to absorb water (Liao et al., 2016). The presence of high salt concentrations in the soil can reduce the ability of SAPs to absorb water, which can limit their effectiveness in saline soils.

2. CONCLUSION

Superabsorbent polymer seed coating is a promising technology for enhancing seed germination, promoting plant growth, and mitigating drought stress, especially in arid and semi-arid regions. By creating a localized water reservoir around the seed, SAPs ensure a consistent moisture supply during the critical germination and early seedling stages. Studies have shown that SAP seed coatings can improve germination rates, seedling vigour, and overall plant performance in a variety of crops, including maize, cotton, red clover, and milk thistle. Furthermore, SAPs can be used in conjunction with fungicides without compromising their protective effects. To ensure the sustainable use of SAPs, it is important to consider their environmental impact, optimize their formulation and application rate, and explore the use of alternative water sources. Future research should focus on developing novel, biodegradable SAPs, investigating their interactions with other seed treatments, and conducting long-term field studies to assess their sustainability under different agricultural management practices.
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